Abstract-Long period fiber gratings (LPFGs) were coated with iron (Fe) and exposed to oxidation in air and in water having different concentrations of sodium chloride (NaCl) to detect the formation of iron oxides and hydroxides. The process was monitored in real time by measuring the characteristics of the LPFGs attenuation bands. Thin films of Fe were deposited on top of silica (SiO 2 ) substrates, annealed in air, and exposed to water with NaCl. The composition of the oxide and hydroxide layers was analyzed by SEM/EDS and X-ray diffraction. It observed the formation of oxide phases, Fe 3 O 4 (magnetite), and Fe 2 O 3 (hematite) when annealing in air, and Fe 2 (OH) 3 Cl (hibbingite) and FeO(OH) (lepidocrocite) when exposed to water with NaCl. Results shows that Fe-coated LPFGs can be used as sensors for real-time monitoring of corrosion in offshore and in coastal projects where metal structures made of iron alloys are in contact with sea or brackish water. In addition, LPFGs coated with hematite were characterized for sensing, leading to the conclusion that the sensitivity to the refractive indexof the surrounding medium can be tuned by proper choice of hematite thickness.
safety and imposes expensive maintenance. The exploration of sea resources, such as deep sea mining and aquaculture, requires metallic structures, often made of iron alloys, which are exposed to corrosion [2] . In addition, activities such as dikes and the flooding of coastal marshland can produce brackish water pools for freshwater prawn farming. Brackish water is also the waste product of the salinity gradient power process [3] . In all these instances, the control and monitoring of corrosion processes can be of critical importance. A comprehensive review on major corrosion sensing schemes can be found in [4] .
Optical sensors based on long period fiber gratings (LPFGs) including, sensing of strain, bending, temperature, chemical analysis, vapor detection, food quality control, and recognition of bacteria have been reported. A review on the fundamentals and on the main achievements obtained concerning LPFGs can be found in [5] [6] [7] and references therein.
The physical properties of LPFGs rely on coupling light from the core mode of a single mode fiber into forward propagating cladding modes, which translates in the appearance of attenuation bands in the transmission spectrum at specific wavelengths. The evanescent field of the cladding modes extends to the surrounding medium enabling refractive index (RI) measurements.
Sensors based on LPFGs over coated with different metal oxides were fabricated and characterized for RI sensing. It was reported that oxidation of metals as Zn, Ni, Ti, Al, and Cr into well-known oxide states can be monitored in real time by following the features of the LPFG attenuation band [8] , [9] . These kind of gratings coated with metal oxides with specific properties leads to wavelength sensitivity enhancement when comparing to a bare LPFG.
Hematite, a thermodynamically stable Fe oxide with n-type semiconductor properties (E g = 2.1 eV) under ambient conditions, is of great interest due to its cost effective and high resistance to corrosion. It has also been studied as an electrode material in photo electrochemical cells, catalyst, and sensing elements in gas sensors (such as formaldehyde) and humidity sensors [10] .
This work reports a preliminary study on the real time monitoring of iron thin films subjected to oxidation in air and in water with different sodium chloride (NaCl) concentrations using LPFGs in a temperature controlled environment. Due to hematite chemical stability in aqueous environments, LPFGs coated with it were characterized for refractive index sensing.
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II. MATERIAL AND METHODS
Long period fiber gratings inscribed in single mode fiber (SMF 28e, Corning, Inc.), were produced using the induced electric arc technique illustrated in Fig. 1 (left) [5] . The period of the LPFG was 399 μm, a value chosen in order to obtain the asymmetric 6 th order cladding mode resonance (LP 1,6 ) around 1.54 μm. A visibility value of ∼25 dB for the LP 1,6 attenuation band of the bare LPFG was reached with a sensor length of 45 ± 5 mm. Depending on the oxidation process this attenuation band can shift down to around 1.51 μm.
Iron thin films of 10, 20 and 40 nm thick were produced around the grating region by thermal evaporation of pure metal (Goodfellow, U.K.) using an electron beam evaporator (Auto 306 from Edwards Ltd, U. K.). The deposition chamber was kept at ∼2 × 10 -6 mbar and it was fitted with a homemade rotary system, illustrated in Fig. 1 (right) , in order to produce homogeneous coatings around the cylindrical fibers with a velocity of 5 rpm [6] . A 2 nm layer of chromium was deposited to improve of the adhesion between the silica fiber and Fe thin film.
Oxidation air was performed by placing the coated LPFG in an oven with both ends open, illustrated in Fig. 2 (left) . The fiber was clamped in one end while the other end was kept stretched at constant tension avoiding bending effects, following the methodology described in [8] . The coated LPFGs were then heated for 3 hours at several temperatures between 100 and 650°C. The temperature was controlled using a thermocouple located in the middle of the heating section close to the thin film coating. The annealing was monitored in real time by measuring the LPFG transmission spectrum. The LPFGs were illuminated with a super luminescent diode source (Benchtop SLD model S5FC 1550S-A2 -Thorlabs, Germany) and the transmission spectrum measured with an optical spectrum analyzer model Yokogawa AQ 6370D.
The iron corrosion in salty water was simulated by adding NaCl (Sigma Aldrich, Germany) to pure water with a concentration from 1 to 3.5% w/w. The coated fiber was clamped using a specially designed PTFE holder to keep the LPFG in position while avoiding bending, shown in Fig. 2 (right). A bare LPFG was also added to the same holder in order to monitor the interaction of the LPFG with the NaCl solution at constant temperature. The holder with the fibers was then submerged in the water solution in a polyethylene chamber previously heated to 40°C to minimize the time of temperature stabilization.
The complete system was then positioned in a sealed oven (IFA-32, Esco, Singapore) and kept at 40 ± 0.3°C. The LPFG transmission spectra were recorded in real time using a FS22 SA Braggmeter (HBM FiberSensing, Portugal) working in the 1500-1600 nm range with 2 pm of resolution. The same procedure was performed using pure water and solutions with NaCl using both bare and Fe coated LPFGs.
A set of silica (SiO 2 ) substrates was coated with 150 nm of Fe for further surface composition and morphology analysis accomplished by Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS, QUANTA 400 FEG, FEI, U.S.A./Pegasus X4M, EDAX, U.S.A.). X-ray Diffraction (XRD, X'Pert Pro, PANalytical, Netherlands) equipped with Cu Kα radiation, was employed to identify oxides and hydroxides resulting from the reaction in air and in water.
LPFGs coated with 10, 20 and 40 nm of Fe were annealed at 500°C and characterized for wavelength sensitivity using the setup represented in Fig. 3 . The surrounding refractive index (SRI) was varied from 1.30 to 1.60 using a set of RI calibrated oils (Cargille-Sacher Laboratories Inc., U.S.A.). The oil sample to be tested was placed in a V groove aligned with the sensing region and covering the entire LPFG.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Characterization of Fe Oxides and Hydroxides on Planar Substrates 1) SEM/EDS Characterization:
The morphology of the Fe coating was analyzed with SEM photographs of a silica substrate Without considering few impurities, a reasonable surface uniformity of the Fe coating was obtained. On the other hand, a clear inhomogeneity and roughness is evident after oxidation adding gaps to the coating structure leading to modifications of both thickness and refractive index, which causes specific changes in the optical features of the transmission signal used to estimate the oxidation process.
The EDS spectra of the samples with 150 nm of Fe before (at 25°C) and after annealing at 460°C are shown in Fig. 5 with identification of peaks assigned to Fe Lα (Fe coating), to O Kα (Fe oxide) and to C Kα, related to carbon contamination. The spectral position of all the lines and bands were found to be in good agreement with published values [11] . After 3 hours at 100°C the same levels of oxygen and Fe is observed meaning Fig. 6 . Energy-dispersive X-ray spectra of the Fe samples pure water and in water with 1 and 3.5% of NaCl. Inset: spectra of the NaCl and of the Fe oxide powder.
that the Fe coating is unaltered while at 460°C it shows a significant change. The oxygen increased and the Fe decreased inducing the existence of the oxidation process. The energy of the incident electron beam was set to 4 keV to allow the analysis of the surface of the samples.
Inset is the spectra of a sample coated with 20 nm of Fe before annealing and with incident electron beam energy of 10 keV. It allows the analysis higher volume in depth leading to the detection of the Si Kα enhancing the O Kα due to the substrate but at the same time, it results in the emission of higher energy electrons.
Preliminary EDS spectra of the samples exposed to pure water and to water containing 1 and 3.5% NaCl are shown in Fig. 6 . A very clean composition is observed with the same elements as the previous air samples. Incident electron beam with energies of 10 keV returns well defined intense peaks corresponding to the lines O Kα and of Si Kα are together with the lower intense peaks of Fe and C.
The same type of spectra is noted for the different NaCl concentrations nevertheless, a small increase in the O Kα is observed which can be assigned to the oxidation process considering the same SEM conditions in both measurements.
The inset of Fig. 6 illustrates the EDS spectra of the powder resulting from a piece of pure Fe wire exposed to 3.5% NaCl for 24 h at 40°C (denoted as Fe oxide powder). The EDS spectra of the NaCl used in the experiments was also measured, presenting the peaks Na Kα, Cl Kα 2 and Cl Kβ 1 characteristic of pure NaCl. From this inset is possible to identify the elements of the used salt to perform the oxidation and the resulting powder. The comparison with the substrates spectra and with the SEM images suggests the formation of oxides without giving the information of the oxidation phases, which is possible with the XRD analysis.
From the EDS analysis, it is possible to know the composition of the multilayer system in the different environments however, is not possible to know if the oxidation is presented and the type of structures created. 2) XRD Characterization: Iron thin films with 150 nm of thickness were deposited on silica planar substrates and annealed in air at temperatures between 100 and 650°C for 3 hours. Fig. 7 show the corresponding XRD pattern for annealing temperature higher that 400°C together database values from RRUFF Project data base for pure Fe, magnetite and hematite [12] . Iron thin films annealed in air between 100 and 650°C showed two oxide phases: the Fe 3 O 4 oxide phase (magnetite) and the Fe 2 O 3 oxide phase (hematite). When annealed up to 400°C for 3 hours in air the Fe thin film remains in the metallic form. Above 425°C and up to 460°C the formation of Fe 3 O 4 oxide phase takes place. While between 460 and 475°C both oxide phases are present, above 475°C the Fe 2 O 3 oxide phase is the only present. XRD patterns of Fe oxides as a function of the temperature and the identification of the oxide phases was reported see for example [13] and references therein.
Silica substrates were exposed to pure water and to water with 1.0 and 3.5% NaCl at 40°C for 22 h. The XRD patterns are presented in Fig. 8 , where peaks at ∼32°and ∼45.5°, corresponding to NaCl (halite) are present in both samples. The XRD analysis of the samples exposed to pure water showed that no alteration took place; the XRD pattern showed only the Fe peaks, similar to the ones in the lower plot of Fig. 6 . However, when exposed to water with 1.0% NaCl a peak corresponding to Fe 2 (OH) 3 Cl (hibbingite) appeared while pure Fe is still present. There is no Fe in the sample exposed to 3.5% NaCl and another iron hydroxide was formed, FeO(OH) (lepidocrocite) Also show in Fig. 8 is the XRD pattern of the Fe oxide powder. There is no Fe present and the peaks can be related to lepidocrocite and magnetite. The last was not found in the thin films. The presence of NaCl residues can be predicted from the two small peaks referred above.
B. Forced Fe oxidation in air
When in the metal state, an iron thin film a few tenths of nanometres thick deposited around the LPFG was enough to act as a mirror to the evanescent field, given that part of the light is recoupled to the core of the fiber. The result is a reduction of the optical power of the attenuation band when compared with the bare LPFG. When the process of oxidation in air starts, the coating reflectivity decreases and the attenuation of the cladding mode increases. Fig. 9(a) represents the transmission spectra for a 40 nm thick Fe coated LPFG. The wavelength shift (WLS) and the optical power shift (OPS) are represented in Fig. 9(b) . The original attenuation (for bare LPFG) is reduced by 4.5 dB accompanied by a redshift of about 6 nm.
Increasing temperature causes the attenuation band to shift to higher wavelength due to the thermal sensitivity of LPFGs, but the attenuation preserves approximately the same value. At around 300°C the attenuation starts to increase, an indicator of the oxidation process, until at ∼500°C it reaches almost the same power level of the bare LPFG. The attenuation band continues to shift to higher wavelengths due to the thermal effect as expected.
After cooling to 30°C the attenuation band shows an increase of only ∼1 dB but exhibits a large WLS of ∼24 nm (blueshift) when compared to the initial wavelength position of the Fe coated LPFG, which was predictable due to the change of the RI in the fiber surrounding region. This sensing methodology allows monitoring of specific thin metal coating and of its oxidation temperature, thus enabling the prevention of the oxidation phenomenon.
C. Corrosion of Fe in Water
The transmission spectra shown in Fig. 10 corresponds to the LP 1,6 mode of (a) bare LPFG and of (b) LPFG coated with 40 nm of Fe and immersed in a 3.5% w/w solution of NaCl at 40°C up to 22 hours. Judging by the stability of the spectral characteristics of the bare LPFG, the experiment took place in isothermal conditions and the harsh solution seems not to affect the pure silica cladding. While the bare LPFG does not show either WLS or variation of the OPS, the Fe coated LPFG presents a blue shift of about 19 nm and ∼5 dB, respectively, for 22 hours at 40°C.
The wavelength and the OPS behavior of the sensor with increasing NaCl concentration is presented in Fig. 11 . The bare LPFG does not present either WLS or variation of the OPS regardless the concentration of NaCl. However, for the 40 nm Fe coated LPFG, the sensitivity of the WLS and of the OPS is higher for greater NaCl concentration. In fact, for this particular sensor, after ∼3 hours exposure to the highest concentration the WLS response saturates at ∼16.5 nm.
From the observation of Fig. 11 two outcomes can be highlighted: first, for this concentration an early warning sign of corrosion is set in less than 3 hours; and second, after this instant the sensor cannot be used in the WLS mode of operation but it may be used in the intensity mode up to ∼12 hours. In addition, Fig. 11 illustrates the behavior of this type of sensors when exposed to 1.0% w/w solution of NaCl which can be found in places where mixing of seawater with fresh water occurs, as in estuaries or in brackish fossil aquifers [14] .
A different behavior was observed, with a much slower WLS and OPS, due to the reduced NaCl concentration. For this concentration, the WLS of the sensor stabilizes after 21 hours and the OPS continues to diminish after 25 hours. The sensors immersed in pure water at 40°C and up to 25 hours showed no WLS. A slightly increase in the OPS (less than 0.5 dB) can be seen in Fig. 11 , however this is within the experimental error. The planar samples coated with 100 nm thick Fe films and subjected to the same conditions did not display any sign of oxidation when inspected with an optical microscope. As expected, air-free water has little effect upon iron metal [13] .
D. Optical Characterization of Hematite Coated LPFG
The transmission spectra of a bare LPFG and coated with 10, 20 and 40 nm of Fe after thermal annealing at 500°C, resulting in the formation of Fe 2 O 3 (Hematite), was measured for SRI from 1.30 to 1.60 (at 589.3 nm). Fig. 12 illustrates the transmission spectra of LPFG coated with 10 nm of Fe where it can be seen a transition between cladding modes. The continuous lines correspond to SRI lower than the cladding refractive index (CRI) (mode LP 1, 6 ), while the discontinuous lines are the transmission spectra for SRI higher than CRI (mode LP 1,7 ). A blue-shift of the resonance band is observed until the value of the SRI is comparable to the CRI (1.457). Fig. 13 (a) and (b) present the normalized WLS for a bare LPFG and for the three thickness values of the Fe thin film as a function of the SRI. As shown in Fig. 13(a) Furthermore, for SRI higher than the CRI, Fig. 13(b) , a region where the bare LPFG has no sensitivity to the SRI, a shift for higher wavelengths is observed. Fe 2 O 3 offers higher wavelength shift, which augments with the Fe thickness increase. In addition, the higher sensitivity exists in a broader range. To be precise, the average sensitivity for 10 nm of Fe is 1480 nm/RIU between 1.45 and 1.48 and for 40 nm of Fe is 1611 nm/RIU between 1.42 and 1.46.
IV. CONCLUSION
Real time monitoring of iron oxidation of iron thin films subjected to oxidation in air and in water with different NaCl concentrations was studied for a set of experimental conditions using LPFGs.
Preliminary results show that iron coated LPFGs can be used as sensors for early warning of corrosion of structures made of iron alloys.
It also can be concluded that these kind of sensing devices are suitable to real time monitoring metallic structures in offshore deployments, where the NaCl concentration is around 3.5%w/w, and in places where mixing of seawater with fresh water occurs, as in estuaries or in brackish fossil aquifers.
Hematite coated LPFGs were considered for refractive index sensing, leading to the conclusion that the sensitivity to the refractive index of the surrounding medium is higher than the bare LPGFs.
